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Abstract 
Emissions from the combustion of biomass and fossil fuels are a significant source of particulate 
matter (PM) in ambient outdoor and/or indoor air.  It is important to quantify PM emissions from 
combustion sources for regulatory and control purposes in relation to air quality.  In this paper, 
we review emission factors for several types of important combustion sources: road transport, 
industrial facilities, small household combustion devices, environmental tobacco smoke, and 
vegetation burning. We also review current methods for measuring particle physical 
characteristics (mass and number concentrations) and principles of methodologies for measuring 
emission factors. The emission factors can be measured on a fuel-mass basis and/or a task basis. 
Fuel mass based emission factors (e.g., g per kg of fuel) can be readily used for the development 
of emission inventories when the amount of fuels consumed are known. Task-based emission 
factors (g per mile driven, g per MJ generated) are more appropriate when used to conduct 
comparisons of air pollution potentials of different combustion devices. Finally, we discuss 
major shortcomings and limitations of current methods for measuring particle emissions and 
present recommendations for development of future measurement techniques.  
 
1. Keywords:  Particulate matter, air pollution, biomass fuels, fossil fuels.
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1. Introduction 
Quantifying particulate emissions from combustion sources is important for a number of 
purposes including: (1) examination of source status on compliance with regulations; (2) 
generation of inventories of emissions at local, regional and national levels for developing 
appropriate management and control strategies in relation to air quality; (3) prediction of ambient 
air quality in the areas affected by the source; and (4) source apportionment and exposure 
assessment for the affected human populations and/or ecological systems. Different emission 
indices (e.g., stack gas concentrations, emission rates, emission factors, chemical compositions) 
may be determined depending upon specific purposes of a measurement program.  The 
methodologies used for quantifying the emissions are, thus, dependent upon what are the 
measurement purposes and availability of appropriate technology.  This paper reviews emissions 
factors and methodologies used to determine emission factors for several types of important 
combustion sources.  These sources and their signatures are discussed in more details in Part 1 of 
the two papers coauthored by us (see Morawska and Zhang in this same issue of Chemosphere.) 
  
2. Emission factors 
2.1 Terminology and definitions 
Emission factor is typically defined as the amount of a concerned pollutant emitted per unit mass 
of fuel burned or per a defined task performed.  The former is often referred as mass-based 
emission factor and has a unit such as g/kg.  The latter can be called task-based emission factor.  
The unit of task-based emission factor depends on the definition of tasks. For example, a task can 
be the amount of energy generated by power plants or amount of energy delivered to the pot by 
cooking stoves (Ahuja et al, 1987).  In this case, the emission factor may have a unit of g/MJ 
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(Zhang et al, 2000).  A task can be certain distance driven for a motor vehicle and thus the unit 
may be g/km (Winebrake and Deaton, 1999; Gertler et al, 1998).  A task can be amount of steam 
generated by a boiler. In this case, the unit of task-based emission factor may be g/ton of steam 
(Ge et al, 2001).  Although some authors refer task-based emission factor as emission rate 
(Hildemann et al, 1991a,b), more general definition of emission rate may include the time 
dimension, i.e., emission rate is the amount of a concerned pollutant emitted per unit time.  
Emission rate thus should have a unit such as g/sec or Tg/year.  Emission rate is sometimes 
referred as source strength. 
 
Mass-based emission factors can be readily used for development of emission inventories when 
quantities of the fuels consumed are available. Because different amount of fuels are needed to 
perform the same amount of task by different combustion facilities, task-based emission factors 
should be used to conduct a fair comparison of air pollution potentials of different combustion 
devices (Joshi et al, 1989; Zhang and Smith, 1996).  As the emission rate of a stationary source is 
generally needed to predict pollutant concentrations in downwind air using dispersion models, 
the emission rate of an indoor combustion source is needed to predict indoor concentrations 
using mass balance models (Zhang and Smith 1996; 1999). 
 
2.2 Emission factors of specific sources 
Road transport  
Emission factors for exhaust emissions from motor vehicles are expressed in grams per kilometre 
(task-based emission factors) and vary with vehicle speed.  Less commonly they are also 
expressed in grams per amount of fuel used (mass-based emission factors). To calculate the 
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national inventory of the emissions from road transport, the emission factors are combined with 
national traffic and fleet composition statistics. The main sources of uncertainty in these types of 
estimates are: (1) that there is usually not enough data available on emission factors which stems 
from inadequate number of vehicles and vehicle types tested, (2) that the degree of uncertainty in 
the motor vehicle activity data is typically large, and (3) that the auto emissions are usually 
determined using standardized dynamometer loaded drive cycles, which mostly mimic urban 
driving conditions and have been defined by environmental authorities in US and other countries.  
Differences exist between the emissions determined from the standardized tests and real-world 
emissions.  
 
Most of the research on motor vehicle particle emissions has been done for total emissions in terms 
of the total mass collected on a filter. From this approach no information can be obtained on fine 
particles and changes to fine particle emissions due to differences in vehicle operation, 
maintenance or fuel characteristics (Vuk, et al., 1976). The mass of sub-micrometer particles is 
often insignificant in comparison with the total mass of emitted particles, because a small number 
of large particles may account for most of the mass. Even a significant change to sub-micrometer 
particle numbers can pass unnoticed in total mass investigations.  
 
Mobile emissions can be viewed in terms of different cycles used (steady state versus transient), 
different speed/load conditions, different type and size of vehicles, etc. In addition there has been 
large variation reported in emissions for similar types of vehicles maintained in similar ways, 
sometimes of the order of magnitudes. The short review of the emission factors presented in this 
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paper is to help develop a general understanding of the emission levels and relationship between 
emissions of different types of vehicles and between emissions of different pollutants.      
 
The range of emission factors reported in the literature is very large. For example, the range of 
PM10 exhaust emissions reported by the Airborne Particle Expert Group (1999) for diesel-powered 
vehicles ranges from 0.025 g/km for diesel cars, Euro Stage II, to 1.8 g/km for Rigid HGV pre-
1988 vehicles (heavy goods vehicles). Emissions expressed in terms of particle number per 
kilometre can also vary by orders of magnitude. For example, the reported range of emissions of 
one type of vehicle only (buses) in one investigation, was from 6.1 x 104 to 1.8 x 108 particles.cm-3 
for idle and rated modes (Morawska, et al., 1998). Comparison of particle emission factors for 
vehicles using different types of fuel, in general, shows that they are significantly higher for diesel 
than for spark ignition (gasoline) vehicles. In studies conducted on diesel and gasoline vehicles 
(Morawska et al., 1998; Ristovski et al., 1998), the average emissions of particles in the size range 
below 0.1 μm from gasoline engines were up to a few orders of magnitude lower than from diesel 
engines (mainly fleet buses). Thus, the contribution of emissions from diesel vehicles to the total 
emission inventory in an air shed could be significant and in areas of increased density (such as bus 
or truck routes within the city), the diesel vehicle contribution could be dominant. However, the 
higher proportion of gasoline cars on typical roads makes the gasoline combustion an important 
contributor to the particle emissions. 
Even within a specific type of vehicle, emission factors can vary substantially depending on a 
variety of parameters. A very recent study, for example, shows that PM emissions of heavy-duty 
diesel vehicles ranged from 0.05 to 0.827 g/km, or from 0.169 to 0.658 g/L fuel. The parameters 
that most heavily affect the emissions include vehicle class and weight, driving cycle, vehicle 
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vocation, fuel type, engine exhaust after-treatment, vehicle age, the terrain traveled, and engine 
control effects (e.g., injection timing strategies) (Clark et al., 2002).   
 
There is less information available on particles from gasoline spark ignition emissions than from 
diesel emissions. Only recently has some information been published about the effects of vehicle 
and fuel type on particle size from spark ignition engines (Rickeard et al., 1996; Greenwood et 
al., 1996; Graskow et al., 1998; Ristovski et al., 1998, 1999).  Total particle mass emissions from 
spark ignition vehicles are significantly lower than diesel emissions, usually below one 
milligram per kilometre and thus usually well below any emission standards (Zinbo, et al., 1995; 
Hamerle, et al., 1992; Rickeard, et al., 1996; Greenwood, et al., 1996). The low mass 
concentration of emissions from gasoline engines is related to both lower number concentration 
and smaller particle sizes in comparison to diesel engines (Hildemann et al., 1991b).  There is, 
however, evidence from recent studies, that the number weighted emissions of spark ignition 
engines at relatively high loads could be comparable to those from diesel engines (Greenwood, et 
al., 1996; Rickeard, et al., 1996). High emission levels from spark ignition engines were also 
observed during the so-called “spikes” in the exhaust particle concentrations (Graskow, et al., 
1998). The observed exhaust particle concentrations during these spikes increased by as much as 
two orders of magnitude over the baseline concentration and were up to 107 particles/cm3. The 
particle “spikes” are formed through the homogeneous nucleation of gas phase heavy 
hydrocarbons. The source of these hydrocarbons is uncertain, though it is believed that they are 
associated with the occasional break-up of intake valve and combustion chamber deposits.  
Very little data is available on particle emissions from condensed-natural-gas (CNG) fuelled 
spark ignition engines. A study in this area by Greenwood, et al., (1996), indicated that the 
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particle concentration levels emitted from CNG-fuelled engines are similar to gasoline engines, 
and at high loads approach those of diesel engines.  A recent study, conducted by Ristovski, et al. 
(1999), showed that in terms of number concentration the observed levels of particle emission 
were of the same order of magnitude as emissions from heavy-duty diesel engines. On the other 
hand, emissions of carbon monoxide (CO) and oxides of nitrogen (NOx) for one of the tested 
engines were considerably lower than for diesel vehicles. According to the specifications for gas 
emissions, provided by the US EPA (1997), this engine can be considered as a “low emission” 
engine, although emissions of sub-micrometer particles are of the same order as heavy-duty 
diesel vehicles. In another study comparing the emissions from the buses powered with diesel 
engine with those from the buses powered with CNG (Clark, et al., 1999), the investigators 
found that small differences in driver aggression and the manner in which the vehicles are 
accelerated leads to large changes in emissions of CO and PM for diesel vehicles, and significant 
changes in emissions of NOx for CNG vehicles. 
 
There have been a number of studies conducted estimating the mass emission factors from tunnel 
and roadway measurements (Jamriska, et al., 2000) mainly focused on gaseous emissions and 
only very few on particle emissions. Measurements of CO, hydrocarbons (HC) and/or NOx 
conducted in tunnels have been reported by Gorse (1984), Gorse and Norbeck (1981), Hampton, 
et al., (1983), Ingalls, et al., (1989), and Lonneman, et al., (1986). For example, on-road emission 
factors for CO, CO2, NOx, total HC and nine speciated HC measured in a traffic tunnel in 
Goteborg, Sweden, in winter 1994/95 were reported by Sjodin, et al., (1998). On-road emission 
factors typically increased by a factor of up to 10 during congestion compared to smooth driving 
conditions, clearly demonstrating the large impact of driving condition on emissions. 
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Furthermore, it was found that the on-road emission factors agreed with the emission factors 
derived from chassis dynamometer measurements within ±10% to 20% for CO and NOx, 
whereas for HC the on-road emission factor was 50% higher. 
 
Gas and particle-phase pollutant emission was measured in the Caldecott Tunnel in the San 
Francisco Bay Area in the summer of 1996 (Miguel, et al., 1998). Fine particle black carbon and 
PAH concentrations were normalized to fuel consumption to compute emission factors. Light-
duty vehicles and heavy-duty diesel trucks emitted, respectively, 30±2 and 1440±160 mg of fine 
black carbon particles per kg of fuel burned. Diesel trucks were the major source of lighter PAH, 
whereas light–duty gasoline vehicles were the dominant source of higher molecular weight PAH. 
Size-resolved measurements of particulate PAH showed significant fractions of diesel derived 
PAH to be present in both the ultra-fine size mode (<0.12 micrometer) and the accumulation 
mode (0.12-2 micrometers). In contrast, the gasoline engine-derived PAH emissions were found 
almost entirely in the ultra-fine mode (Miguel, et al., 1998). 
 
Industrial facilities 
Emissions from most industrial combustion facilities are ducted emissions that may be subject to 
permit as major point stationary sources.  In USA, emissions of a single pollutant usually must 
exceed 25 tons/year to qualify for this category (of major point stationary source), though some 
jurisdictions track individual thresholds at lower levels. Emission factors for a range of 
industrial-scale combustion sources are summarized in Table 1, indicating that PM emission 
factors are a complex function of the rank and composition of the fuel, the type and size of the 
facility, firing conditions, load, type of control technologies, and the level of equipment 
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maintenance. As recommended by the cited references, PM emission factors for coal-fired 
boilers in US can be simply calculated from coal ash content using the formulas listed in Table 1. 
This implies that all coal-fired boilers used in US have quite uniform relationships between PM 
emission factors and coal ash contents, enabling the simple use of coal ash contents to predict 
PM emission factors.  These relationships (formulas), however, are not applicable to Chinese 
coal-fired boilers. For example, when using 2.3A, A = ash content = 18 – 31(%) for typical 
Chinese coals, we estimated that the PM10 emission factor for dry bottom boilers without PM 
control devices would be 41.4 – 71.3 lb/ton. This is more than an order of magnitude higher than 
the values measured (3.70 – 5.53 lb/ton) (Ge et al, 2001).  Two recent papers indicate that 
changes in coal formulation and briquetting, even without any changes in boiler hardware, can 
lead to significant changes in emissions of PM and gaseous hazardous pollutants. These 
emissions changes have important implications of air quality, energy, and greenhouse gases (Ge 
et al., 2001; Zhang et al., 2001). 
 
Small combustion devices 
Although small combustion sources are so numerous that they may have significant impacts on 
emission inventories as well as exposures, the emissions from these sources are not well 
characterized, but are expected to be quite different from those of large-scale combustion (e.g., 
forest and Savannah burning of biomass, industrial combustion of fossil fuels) (Levine, 1996).  
Recently, a number of studies have been conducted to measure the emissions from residential 
wood combustion, church candle burning, kerosene and oil lamps, wood fireplaces, and meat 
cooking processes (Fan and Zhang, 2001; Oanh et al, 1999; Schare and Smith, 1995; Fine et al, 
1999; Hildemann, 1991a). Following a pilot study (Smith et al, 1993), Smith and colleagues have 
 10
measured systematically the emissions of particulate and gaseous emissions from 56 fuel/stove 
combinations and 13 types of charcoal making kilns in developing countries (Smith et al, 1999 & 
2000; Zhang et al, 2000). Some of the results from these measurements are summarized in Table 
2.  It is clearly demonstrated that the emissions depend not only on the fuel/feedstock types but 
also on the way in which combustion takes place.  The large variation in emissions from small 
combustion sources suggests that any extrapolation of emission factors or emission rates from 
one type of combustion source to another (or from one geographic location to another) should be 
extremely careful.    
 
Environmental tobacco smoke (ETS) 
Although indoor concentrations of ETS emissions have been measured in many studies and a 
large number of chemical compounds have been identified in ETS emissions, particle emission 
factors of ETS have only been determined in a handful of studies.  Table 3 presents a summary 
of emission factors reported in the literature. Among the studies cited in Table 3, the most recent 
study by Martin et al has reported sales-weighted averages of emission factors based on 65.3% of 
the US cigarette market (Martin et al, 1997).  In order to get the sales-weighted averages, the 
investigators measured emissions for the 50 top-selling cigarette brand styles in the US in 1990. 
Another useful feature of the data from this study is that the data were specific by mainstream tar 
categories.  It is not surprising to see that RSP emission factors increase with an increase in 
cigarette tar content: 14.86 mg/cigarette for full flavour, 12.30 mg/cigarette for full flavour low 
tar, and 10.51 mg/cigarette for ultra low tar.  The average RSP emission factor for all cigarettes 
evaluated was 13.67 mg/cigarette.  This value is lower than the average (24 mg/cigarette), 
reported by US Surgeon General (1981), which was used in an early study to estimate national 
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average ETS exposure (Smith, 1993).  However, a large range in real-world ETS emissions is 
expected given that the emissions from any combustion can be largely affected by both fuel type 
(e.g., cigarette brands, tar content) and combustion conditions (e.g., individual smoking habits, 
environmental conditions such as wind speed). 
 
Vegetation burning 
There is little information available on emission factors or emission rates for vegetation burning, 
either wild fires or controlled burning. The available data are highly variable and strongly 
affected by what measurements were conducted to assess the emissions and also on the 
combustion conditions. More data is available on local concentrations during the passage of 
smoke plume from the fires, than on emission rates. Assessment made by Wade and Ward 
(1973) indicate that particles are abundantly produced by forest fires with source strengths in the 
order of metric tons per second on some large fires. The very sparse data set suggests the PAH 
concentrations could be higher than for logging slash and pine needle fire smoke by a factor of 2 
to 5.  More data have been developed for B[a]P than other PAH compounds for smoke from 
wildland fires.  Ward et al. (1989) found for B[a]P that emission factors increased proportionally 
to the density of live vegetation covering the prescribed fire units. A summary of emission 
factors related to particulate matter and organic compounds for vegetation burning episodes, as 
well as concentration of airborne particulate matter and its elemental composition has been 
complied in Health Guidelines for Vegetation Fire Events by the World Health Organization 
(1999). 
 
3. Measurements of emissions 
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Due to the huge ranges of particle sources, sizes, composition, dynamics, volatility, and the 
variable metrics developed to describe the PM characteristics of interest, absolute references for 
particle number and mass concentrations are essentially impossible to achieve. Calibrations of 
particle samplers are therefore usually based on comparisons with designated reference methods, 
and they are only applicable for the specific purposes that the reference methods have been 
established, and conditions where the inter-comparisons have been performed, and not for other 
purposes or conditions. For regulatory and other purposes, particles are measured at emission 
sources or in the ambient air.  Although the principles (instrumentation) for determining particle 
physical and chemical characteristics are virtually the same for ambient particles and particle 
emissions, measurement of emissions typically involve more complicated sampling approaches 
(e.g., source dilution, iso-kinetic condition). This paper focuses on emissions measurements. The 
critical review of particle measurements in general is out of the scope of this paper. We only 
briefly present some necessary background information on common particle measurement 
techniques used in emissions measurements. 
 
3.1 Common techniques for measuring particle physical characteristics  
The techniques for measurements of particle physical characteristics (e.g., mass concentrations, 
size distributions) are often complicated and expensive. Such measurements should cover a 
broad range of particle sizes from several nanometres, up to at least several micrometres. 
However, due to different physical properties, different methods different methods needed for 
measuring the characteristics of small particles, mostly affected by diffusion, and large particles, 
mostly affected by inertia. Investigations on the particle number size distribution yield 
information about the relation between particle number and diameter. This information is usually 
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lost in the commonly applied measurement and monitoring methods targeted at the determination 
of the mass concentrations of the TSP, PM10 or PM2.5 fractions, especially for sub-micrometer 
particles. Table 4 summarises the principles of operation and the range of applicability of some 
of the techniques available for measurements of particle physical characteristics.  
 
The general review of the methods presented in Table 4, indicates that there is a large variety of 
choices as to the technique used, measured characteristics, as well as costs of the techniques. One 
aspect of critical significance is that more fundamental to the choice of measurement technique is 
the objective of the measuring program. Thus, the principal aspect underlying the choice of 
technical methodology for measuring is what is the objective of measuring as identified by 
different jurisdictions or organizations. The objectives could include: 
• testing for compliance with current standards, 
• data gathering for the purpose of developing better control strategies, 
• data gathering for the purpose of health risk assessment, 
• determination of long term trends, and 
• source apportionment. 
An additional aspect which has to be taken into account in the measurements of combustion 
emissions is that appropriate sampling conditions are established to ensure that the collected 
samples are representative for the conditions investigated. In most cases sampling is conducted 
from exhaust flows, which implies that isokinetic sampling conditions have to be established. 
Isokinetic sampling means that the sample is collected from the main flow in the direction of the 
flow and at the same linear velocity as the flow.  If these conditions are not fulfilled, the 
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collected sample will not be representative, when sampling for larger particles, which due to 
their inertia, cannot follow the changes in characteristics of airflow velocity or direction. 
 
For hot stack emissions or motor vehicle exhausts, appropriate cooling is necessary before 
particles are collected onto filter media. This is usually achieved using source dilution sampling 
systems that will be discussed below in Section 3.3 (Road transport and Industrial facilities). 
 
3.2 Regulated versus non-regulated emission measurements 
Standards or guidelines regulate measurement procedures for emissions from certain combustion 
sources such as motor vehicles or industrial stacks. In terms of physical characteristics of 
emissions, the existing emission standards relate to the total mass emissions, and thus the 
regulated emission measurement procedures are those of total mass. There exists inconsistency 
between emission standards and air quality standards. While particulate emission standards have 
been established only for the total mass emissions only, in ambient air quality regulations, TSP 
standards have been abandoned some time ago and the existing standards are for size 
fractionated particles, PM10 and/or PM2.5 in countries like USA, EU etc. Measurements of 
emissions from some of the combustion sources such as vegetation burning, cookstoves, and 
tobacco smoke are not related to specific regulated measurement procedures, instead the 
procedures for measurements of specific pollutants may apply (Hawthorne et al., 1992). 
 
3.3 Emission measurements for specific sources 
Road transport 
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Emission factors of individual vehicles, and their dependency on operating conditions and fuel 
characteristics, can be measured under controlled conditions (dynamometer studies) or real-
world conditions (road measurements). While dynamometer studies offer clear advantages of 
being able to control conditions, they may not necessarily represent real-world emissions as only 
a limited number of vehicles under a limited range of conditions are tested. Real-world 
assessments of emission rates, are most frequently conducted in tunnels (relatively controlled 
environments) and provide an average parameter, enabling the characterization of the overall 
vehicle fleet emission (Miguel et al., 1998; Grosjean et al., 2001; Pierson et al., 1996). The real-
world measured parameters are used to validate the emission factors based on dynamometer 
measurements, which are used as an input parameter for models predicting pollutant 
concentrations. All three types of studies (dynamometer and road measurements as well as 
modelling) are necessary to estimate traffic related emissions. The only types of emission 
measurements that are regulated, however, are dynamometer tests, and thus the focus of the rest 
of this section will be on this type of measurements.  
 
The measurements of motor vehicle emissions on chassis dynamometer are normally performed 
for a specific set of operating modes defined by engine power and road speed (Miguel et al, 
1998). There are two general types of test cycles: a steady state when the vehicle/engine operates 
at a given speed and load mode for a certain time under stabilized conditions, and a transient 
cycle where the speed and load points change frequently and the engine never reaches stabilized 
conditions. The type of test cycle chosen influences the results obtained, the comparability of the 
data and also dictates the choice of measuring equipment. Of high practical importance is 
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unification of test cycles used by different organizations undertaking testing, as well as by 
different jurisdictions. 
 
Two steady state cycles which are commonly used include the thirteen-steady-state-mode cycle 
based on standard SAE tests for heavy duty diesel engines and the fifteen-mode cycle, 
incorporating features of the standard European legislative emission cycle (ECE-15). The fifteen-
mode cycle consists of idling, intermediate and rated power modes with power settings of 2, 10, 
25, 50, 75 and 100% of maximum power. In the thirteen-mode steady-state cycle the modes for 
10% of the intermediate and rated power are omitted. The power settings for the intermediate 
modes are given in percentages of the power of the maximum torque and for stated modes, in 
percentages of the maximum rated power (see Table 5). 
 
The only available steady state test cycle for passenger vehicles is the five-mode steady cycle 
available from the US EPA Final ASM Test Procedure Documentation (USEPA, 1996). For 
comparison, an eleven-mode cycle was developed for non-road engines  (Stein and Herdan, 
1998) as it is accepted that non-road engines (vehicles) operate most of the time in steady state 
cycles. There is a larger variety of transient cycles used, including differences in duration of the 
cycles, differences in acceleration and deceleration modes and different order of the modes. One 
reason for this is that dependently on local conditions, traffic situation and usage of the vehicles, 
the patterns in which they operate are different. An example of this is the Central Business 
District (CBD) cycle (SAEJ1376), the name of which indicates that it is representative of dense 
traffic inner city driving conditions. In general, dynamometers for transient cycle testing are 
much more expensive and the whole procedure is more expensive and complex than for steady 
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state testing. Nevertheless, on-road emissions not only include situations when vehicles operate 
under transient conditions, but in dense traffic, such as in many urban environments, these 
conditions could prevail for a significant fraction of time traveled. Additionally, significantly 
higher emission levels have been reported under such conditions, signifying the importance for 
their quantification.   
 
Another factor in different driving cycles used is engine temperature at the beginning of the 
cycle, and thus so-called cold and hot start cycles are used.  Techniques for exhaust sampling can 
be divided into three major groups including (1) dilution of the full exhaust, (2) dilution of a 
small portion of exhaust sample (mini dilution tunnels), and (3) micro-sampling (micro-dilution 
particulate measurement systems). While the quality of the data obtained with all methods is 
comparable, the portability and price of the methods vary. In general, the cost of the diesel 
exhaust dilution and sampling apparatus decreases with decreasing complexity and size. Exhaust 
emission measurements can be done either by raw emission measurements, by measurements 
after full flow dilution or after partial flow dilution. The current US transient cycle tests use, for 
both the gaseous and particle emissions, full flow dilution systems, while steady state can use 
full or partial dilution. Principles as well as advantages and disadvantages of both types of 
dilution systems are presented in Table 6. 
 
In relation to particle measurements, since their composition changes during dilution in the 
atmosphere, legislation is required to simulate the dilution process during the tests. For particle 
testing, a sample from the diluted exhaust gas is taken and collected on a filter at a temperature 
less than 325 K (Stein and Herdan, 1998). Both full and partial flow dilution methods can be 
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used. Particle measurements require a microgram balance located in a temperature and humidity 
controlled weighting chamber. Filters, the material of which is usually specified, are weighted 
before and after sampling under equilibrated conditions. It should be mentioned that because 
particles in exhaust emissions are highly dynamic and reactive non-linear systems, their 
properties are dependent on the parameters of the dilution process, namely the dilution ratio and 
the residence time in the dilution tunnel. In roadway situations dilution of the diesel exhaust 
occurs within time periods less than 1 second, and from experimental studies, the dilution ratio is 
estimated to approach 1000 (Dolan and Kittelson, 1979). In contrast, the first sampling stages of 
laboratory test rigs have dilution ratios in the range 5 - 20 and have residence times 1 - 5 
seconds. The diluted exhaust is then sampled for instrument analysis or for further dilution, since 
certain instruments require very low input particle concentrations. Processes taking place in the 
relatively concentrated streams of laboratory dilution tunnels lead to particle size distribution and 
chemical compositions that are different from those produced under roadway dilution conditions.  
 
In general, comparison of results from various dynamometer studies show a large variation in the 
results obtained for different pollutants between individual studies as well as within the same 
study, and only limited correlations between the pollutants. For example, Ramamurthy and Clark 
(1999) showed that emissions of NOx and CO2 were widely scattered, but some correlations 
could be identified. Morawska, et al., (1998) showed, that for individual vehicles from a sample 
of 14 diesel vehicles studied there was no relation between emissions in the smaller and larger 
particle ranges and that particle emissions in terms of number concentrations varied significantly 
within each group of vehicles studied. 
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Industrial facilities 
In USA, implementation of the Clean Air Act Amendments of 1990 requires new and improved 
methods for sampling and analyzing organic hazardous air pollutant (HAP) emissions from 
stationary sources. The emissions from representative sources are required to be measured 
periodically at regular intervals or continuously with real-time instrument (e.g., continuous 
monitoring of SO2, NOx, and opacity for power plants emissions). The HAPs include 
semivolatiles and nonvolatiles that can be collected onto filters and measured using EPA Method 
0010.  This method requires isokinetic sampling. The sampling media are a heated filter, an 
XAD-2 sorbent bed, and a condensation collector.  The schematic diagram and details of the 
method can be found in a summary article (Johnson 1996).  The ducted exhaust from industrial 
facilities such as power plants, cement plants, steel mills, incinerators, chemical plants, 
petroleum refining plants, can also be collected using dilution stack sampling systems or source 
samplers (Hildemann et al, 1989).  These source samplers allow hot stack gases to be diluted 
many-fold with purified dilution air that passes through an activated carbon bed and an absolute 
filter.  During the dilution process, the source effluent is cooled to ambient temperature and kept 
at near-ambient pressure.  This results in the aerosol-forming organic vapors present to condense 
onto pre-existing particles as would normally occur in the plume downwind of the stack.  The 
diluted emissions then are collected onto selected filters (e.g., Teflon filter, glass fiber filter, 
quartz fiber filter) with or without a particle size cut device (impactor or cyclone) depending 
upon the requirement for size fractionation and subsequent chemical analysis.  The diluted 
emissions can be measured for size distribution and number concentrations using real-time 
particle measurement instruments such as laser optical counter (OPC), differential mobility 
analyzer/condensation nucleus counter (DMA/CNC), and microorifice uniform deposit impactor 
 20
(MOUDI) (Kleeman et al, 1999).  Incorporating feedstock measurements and stack emissions 
measurements enables the determination of emission rates and emission factors, i.e., the emission 
rate and emission factor can be simply derived from stack gas concentration (g/m3), combustion 
rate (kg feedstock burned per hour), and stack air flow rate (m3 air supplied per hour) (usually 
the amount of excess air is not estimated from measured air supply rate, but instead from flue gas 
CO2 or O2 concentration). Combustion rate and air supply rate are typically kept constant 
throughout a normal burn cycle (Ge et al., 2001). 
 
Another approach to measure emission rates is to measure the concentrations in both upwind and 
downwind locations of the source.  The emission rates can be computed using dispersion models.  
This approach, often used for measuring fugitive emissions, requires collection of necessary 
meteorological data and often a number of assumptions that may result in significant errors.  
Finally, particles (dust) deposited near combustion sources can be simply collected and 
resuspended in the laboratory for chemical characterization and signature analysis (Chow et al, 
1994). This approach, however, can not measure emission rates or emission factors. 
 
Small combustion 
It is usually inappropriate to use a ducted emission measurement method to measure emissions 
from small combustion sources for at least the following two reasons: (1) small combustion 
devices do not always have flues or chimneys; and (2) flue gas emission rates are unsteady 
during a burn cycle.  In general, there are three major types of methods for determination of 
emission factors and emission rates of small combustion devices: chamber test under controlled 
conditions, carbon balance approach under simulated or real-world conditions, and hood method. 
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The basic principle for the chamber test is the single-compartment mass balance model.  During 
a chamber test, the combustion takes place in a chamber (or a simulated kitchen) in which the air 
is assumed to be well mixed, the initial (background) concentration of the measured pollutant is 
assumed to be zero, and the ventilation rate of the chamber is assumed to be constant.  Under 
these conditions, the pollutant concentration in the chamber at time t is the function of the 
elapsed time (t) of the combustion as follows,   
 
C t
R
Vk
e kt( ) ( )= − −1    (1) 
 
where R is burn rate, V is chamber volume, and k is ventilation rate.  The emission rate can be 
determined from the linear regression slope of the plot of C(t) versus (1-e-kt).  Apparently, this 
approach requires continuous monitoring of C(t). The emission factor then can be derived from 
the emission rate R and the burn rate (Fine et al, 1999; Joshi et al, 1989; Schare and Smith, 
1995).  
 
The carbon balance approach has been successfully used in measurements of cookstove 
emissions and charcoal kiln emissions under real-world conditions  (Zhang et al, 2000; Pennise 
et al, 2001).  This method uses a carbon mass balance equation for the combustion, i.e, total 
carbon mass burned equals total mass of carbon emitted both in gases and in aerosols. From this 
equation, mass-based emission factors for each measured species can be derived, as shown in 
detail by Zhang et al (2000).  This method enables the determination of emission factors using 
concentration ratios of species to carbon dioxide in flue gas, rather than the absolute carbon mass 
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of emitted species.  This means that the sampling probe position can be relatively flexible in the 
flue gas stream, because it can be reasonably assumed that all airborne pollutants experience the 
same dilution factor at any sampling position in the flue gas. This approach also enables the 
determination of emission factors for some massive combustion devices such as large brick or 
mud stoves and non-ducted charcoal making kilns that are difficult to be tested in the laboratory.  
Because all measurements can be taken in the field, artificial alternations of the performance of 
tested devices can be minimized. However this approach requires the measurement of 
concentrations of all carbon-containing species, in addition to the species of interest, in the 
emissions.  It also requires the measurement of carbon input of the combustion, i.e., carbon mass 
in the fuel consumed and carbon mass in the ash and unburned residues (if any).   
 
An integrated sampling strategy is typically used to measure the averaged emission factors over a 
defined burn cycle because the combustion may not be a steady-state process (i.e, the power 
output or burn rate varies at different stages of the combustion).  During sample collection, the 
tested unvented combustion devices are normally placed under a hood and the sampling probe is 
inserted in the hood exhaust duct.  Filters employed to collect TSP should be heat-treated quartz 
fiber filters which are required by subsequent analysis of carbon content of TSP. Carbon content 
of TSP can be analyzed using thermal-optical techniques (Birch and Cary, 1996; Huntzicker et 
al., 1986). 
 
The so-called hood method has been used to determine emission factors of unvented cookstoves 
and portable space heaters (Davidson et al., 1986; Lionel et al., 1986; Ballard-Tremeer et al., 
1996; Oanh et al, 1999).  The basic concept of this method is to construct a hood above the tested 
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device to capture all the emissions, making the unvented stove as if a ducted emission source.  
This method requires a constant and steady exhaust flow rate during the entire burning test as 
well as the isokinetic sampling for larger particles. (Failure in meeting these experimental 
conditions can result in large measurement errors.)  The emission rate and emission factor can 
then be determined by using the methods for ducted emission sources, as discussed in the section 
above.   
 
Vegetation burning 
Monitoring of emissions from vegetation burning is conducted based on ground or remote 
monitoring. Ground-based air quality monitoring related to forest fire episodes is focused on 
particulate matter as the major pollutant in the smoke or haze.  Monitoring is important for both 
forecasting of episodic haze events and emergency response. In particular it is recommended that 
PM2.5 should be measured, since the fine fraction predominates in the smoke and haze and is 
thought to be more responsible than larger particles for the observed health effects.  However, in 
the absence of a capability to measure PM2.5, either PM10 or total suspended particles (TSP) 
should be measured (WHO 1999). In the absence of PM measurement capabilities, visibility can 
be used as an indicator for ambient particle concentration. The principal methods used for 
monitoring are filter collection method and application of Tapered Element Oscillating 
Microbalance (TEOM) or beta gauge (see Table 4).  In addition to particles, other compounds 
such as SO2, NOx, CO, and O3, which also play a role in terms of health impacts of smoke 
exposure from vegetation fire plumes, should  not be completely disregarded. Passive and active 
monitoring methods for measuring these compounds are described in UNEP/WHO (1994).     
 
 24
3.4 Needs for future measurements of PM emissions 
The main shortcomings of the current techniques for the measurements of particle emissions 
from combustion sources are that the techniques are expensive, complex, usually not providing 
real-time responses and that due to differences in operation principles of different instruments, 
the results are difficult to compare between the studies. These shortcomings constitute the key 
obstacles in: (1) generating more comprehensive emissions data for different sources to enable 
better source apportionment leading to improved control strategies, and (2) introducing size 
fractionated emission measurements that would bring consistency between emission standards 
and ambient air quality standards. 
  
Most of the research on emission factors has been done for total emissions in terms of the total 
mass collected on a filter. From this approach no information can be obtained on fine particles and 
changes to fine particle emissions due to differences in source operation, maintenance or fuel 
characteristics. The mass of sub-micrometer particles is often insignificant in comparison with the 
total mass of emitted particles, due to the fact that a small number of large particles account for 
most of the mass. Even a significant change to sub-micrometer particle numbers can pass 
unnoticed in total mass investigations. 
 
The values of emission factors and emission rates vary largely, by nature, from one type of 
combustion source to another, from one type of fuel to another, and from one set of combustion 
conditions to another. The data for a range of industrial combustion facilities demonstrated that 
particulate emission factors as well as chemical compositions are a complex function of the rank 
and composition of the fuel, the type and size of the facility, firing conditions, load, type of 
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control technologies, and the level of equipment maintenance. Comparison of results from 
various dynamometer studies on motor vehicle emissions show a large variation in the results 
obtained for different pollutants between individual studies as well as within the same study, and 
only limited correlations between the pollutants. Due to large variations in fuel types and burning 
conditions, emissions from small combustion devices such as cookstoves and space heaters can 
be very different throughout the world.  Studies are needed to systematically compile and further 
quality check the data and thus to examine whether the large variations across different 
investigations are due to method discrepancies or reflect true variations.  
 
Knowledge of emission rates or emission factors is a key element in the exposure assessment 
process. The intrinsic variability in emission rates or factors requires that a large amount of data 
be collected on emission factors to enable for adequate and representative quantification of 
individual emission sources and to account for different cycles in which the sources operate.  To 
enable this, the recommendation is that the future techniques for measurements of combustion 
particles should be: less complex, more reliable, inter-comparable, portable, and/or capable to 
provide real time response. 
 
Particular aspects that should be considered include: 
• developments of simpler and more portable techniques for measurement of number 
and/or mass distributions of particle emissions, 
• remote sensing of vehicle emissions to enable emission rates to be determined for PM or 
some chemical components that can be used as surrogates of PM, 
• developments of fast response particle measurement techniques, 
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• improvements in saturation monitoring: battery-powered particle samplers can be placed 
in and around source areas and emissions inferred from complex dispersion models or spatial 
receptor models. 
 
The need for simplification of and improvements in measuring techniques and methodologies is 
of critical importance for developed countries, for which there is not sufficient data on emission 
factors available in general and almost no data for size fractionating emission factors. This need 
is of still far higher importance for developing countries which can not afford application of 
expensive techniques, for which there is very little information available on emission factors, and 
where pollution exposures are the highest due to high emission levels and large size of 
population.   
 
Another important aspect to consider is standardization and/or calibration of measurement 
methods. In particular the standardization of methods should be carefully considered for 
measuring small combustion sources, given that data obtained by different investigators on 
emissions from small combustion devices are often difficult to compare simply due to the 
inconsistency among the measurement methods employed by the investigators. One challenge 
associated with the standardization of methods for small combustion devices is the nature of the 
small combustion process.  For example, cooking is not a steady-state process. The most 
common cooking practices have different phases for fuel burning rate (power), namely high and 
low power phase.  To make the emissions measurement representative to the real-world 
situation, thus, it is necessary to choose a burn cycle that is reasonably close to the common 
cooking practice in the field.  One commonly used approach is the so-called “water boiling test,” 
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a procedure developed as a standard international method to compare the efficiencies of different 
stoves (VITA, 1985).  The water boiling test is a relatively short, simple simulation of common 
cooking procedure in which a standard quantity of water is used to simulate food.  The test 
includes “high power” and “low power” phases (Ahuja et al, 1987).  The high power phase 
involves heating the standard quantity of water from the ambient temperature to boiling 
temperature as rapidly as possible.  The low power phase follows in which the power is reduced 
to the lowest level needed to keep the water simmering.  This method has advantages in terms of 
comparing different stoves.  It is obvious that the results obtained using this method do not 
necessarily represent the emissions from cooking a typical meal.  It is critical, hence, to define 
the combustion conditions and burn cycles before making any measurements of emissions from 
small combustion devices. 
 
In using of emission monitoring data a distinction should be made between the data generated for 
the purpose of compliance with the regulations and for the purpose of sources apportionment or 
exposure assessment. The standard or reference methods for stack testing set by regulatory 
agencies (e.g., US EPA) as well as for motor vehicle emission testing have been primarily 
developed for compliance purposes and not necessarily useful for source apportionment and 
health or ecological risk assessment on the public or ecological health.  The development of 
future standard or reference methods, hence, should consider other possible applications of the 
data obtained from source measurements than solely on compliance purposes. 
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